OBJECTIVE -We examined the associations of television viewing time with fasting plasma glucose (FPG) and 2-h postchallenge plasma glucose (2-h PG) levels in Australian adults.
CONCLUSIONS -Our findings highlight the unique deleterious relationship of sedentary behavior (indicated by television viewing time) and glycemic measures independent of physical activity time and adiposity status. These relationships differed according to sex and type of glucose measurement, with the 2-h PG measure being more strongly associated with television viewing. The findings suggest an important role for reducing sedentary behavior in the prevention of type 2 diabetes and cardiovascular disease, especially in women.
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P hysical inactivity increases the risk of many chronic diseases, including type 2 diabetes (1). Recently, several studies have shown that sedentary behavior, as distinct from lack of physical activity (2), may be an important contributor to poor health outcomes (3) (4) (5) (6) (7) (8) . Television viewing time, which is a major leisure-time sedentary behavior in Australia (9) , has been linked to obesity and to type 2 diabetes in adults, independent of physical activity levels (7, 8) . In addition, our previous work has shown independent positive associations between television viewing time and categories of glucose intolerance. However, since fasting plasma glucose (FPG) and 2-h postchallenge plasma glucose (2-h PG) differ from each other in their respective physiological determinants (10) and in the risks that they carry (11) , there is a need to investigate the influence of television viewing on plasma glucose across the glucose continuum from normal to diabetes levels. While some cross-sectional studies have found that television viewing time is positively associated with FPG in adults (3, 12) , no population-based studies have investigated the extent and strength of the relationship between television viewing time and 2-h PG. Simultaneously studying the relationship between television viewing and both glucose measures is necessary to develop a better understanding of the metabolic pathways through which sedentary behaviors may contribute to an increased risk of diabetes. We examined the associations of plasma glucose measures (FPG and 2-h PG) and fasting insulin with television viewing time, independent of physical activity time and adiposity status, using data from a large population-based study of Australian adults. Furthermore, we examined the dose-response relationships with television viewing time.
RESEARCH DESIGN AND METHODS -The Australian Diabetes, Obesity and Lifestyle Study (AusDiab) was conducted during 1999 -2000 using data from a representative national sample of adults (5, 6, 13) . The sample of 11,247 represented 55% of those completing an initial household interview. Insulin assays were conducted only for the population aged Ͼ35 years (n ϭ 9,644 Participants attended the local survey center after an overnight fast (minimum 8 h). The specific measurement procedures (for waist circumference, height, and weight) have been described in earlier publications (13) . A 2-h oral glucose tolerance test was performed, with blood specimens centrifuged on-site and transported daily to the central laboratory. Serum samples for insulin were stored at Ϫ80°C until assayed. Plasma glucose levels were determined using an Olympus AU600 automated analyzer. Serum insulin was measured using a human insulinspecific radioimmuoassay kit (Linco Research, St. Charles, MO). We also used the homeostatis model assessment (HOMA) computer model to explore the relationships between television viewing and insulin resistance and insulin secretion as potential mechanisms for relationships with blood glucose. This model, which estimates insulin sensitivity (HOMA-%S) and ␤-cell function (HOMA-%B) from fasting insulin and glucose concentrations, has been used extensively in epidemiologic studies (14) .
Demographic attributes, parental history of diabetes, smoking habits, level of educational attainment (categorized as primary/never attended, some secondary, completed secondary, and university/ further education), physical activity (hours/day), and television viewing time were assessed using an intervieweradministered questionnaire. Participants reported their frequency and duration of leisure-time physical activity during the previous week, consisting of walking for recreation or transport, other moderate activity, and vigorous activity (15) . They also reported the total time spent watching television or videos in the previous week. This measure has been shown to provide a reliable valid estimate of television time among adults (16) . Dietary intake (usual eating habits over the past 12 months) was assessed using a selfadministered validated food frequency questionnaire developed by the AntiCancer Council of Victoria (17) . Calculation of nutrient intake was achieved by multiplying the frequency of food consumption by standard portion weights to obtain weight of food consumed per day. These were then converted to nutrient intakes based on the NUTTAB95 nutrient composition data (18) .
Participants reported total time spent watching television or videos in the past week, using a previously validated instrument (16) . The total hours of television viewing time per week were divided by seven and used to create five categories of television viewing time (Ͻ1.0, 1.0 -1.9, 2.0 -2.9, 3.0 -3.9, and Ն4 h/day).
Statistical analysis
Statistical analyses were conducted using Stata Statistical Software release 9.0 (19) survey commands for analyzing complex survey data. Sample weights based on the 1998 estimated residential Australian population aged Ͼ35 years were used to account for clustering and stratification in the survey design and for nonresponse. Continuous variables were compared between men and women using linear regression models adjusted for age. Categorical variables were compared between the sexes using age-adjusted logistic regression models. Forced entry multivariable linear regression models were used to examine associations between television viewing and glycemic variables (continuous variables). Separate models were applied for glycemic variables (FPG, 2-h PG, fasting insulin, HOMA-%S, and HOMA-%B) for men and women. The adjusted mean difference (regression coefficient) relative to the reference category (television Ͻ1 h/week) was generated for the television viewing categories. We also assessed differences in the effects of television viewing by age and sex using interaction terms in linear regression models (after pooling sex-specific datasets). For fasting plasma insulin and HOMA variables, the natural logarithm was used to correct for skewness in the data.
To control for potential confounding, we adjusted the models for age, height, waist, and dietary covariates (total energy intake, total fat intake, total saturated fat intake, total carbohydrate intake, total sugar intake, total fiber intake, total alcohol intake, and total physical activity) as continuous variables and current smoking status, parental history of diabetes, and university/further education as dichotomous variables. A criterion of P Ͻ 0.05 was used for statistical significance. Table 1 shows the sexstratified characteristics of the 8,357 study participants who were free from clinically diagnosed diabetes. Women were older, spent less time watching television, and were significantly less physi- cally active than men. FPG and serum insulin levels were lower in women, while there was no significant difference between the sexes for 2-h PG.
RESULTS -
The age-adjusted means of FPG and 2-h PG are presented for the five categories for television viewing time in Fig. 1 . After adjustment for age, we found a significant positive association between television viewing and FPG in women (P ϭ 0.002) and a positive association that approached statistical significance in men (P ϭ 0.06). A positive association between television viewing and 2-h PG was observed in both men (P ϭ 0.03) and women (P ϭ 0.001). In age-adjusted regression models, each 1 h/day increase in television time increased FPG by 0.02 mmol/l (95% CI 0.001-0.04, P ϭ 0.04) in men and 0.04 mmol/l (0.02-0.06, P ϭ 0.001) in women, while the increase in 2-h PG was 0.11 mmol/l (Ϫ0.002 to 0.23, P ϭ 0.06) and 0.16 mmol/l (0.08 -0.25, P ϭ 0.001) in men and women, respectively.
Using multiple regression analysis, we estimated the independent associations across categories of television viewing time for glycemic measures ( Table 2 ). All models were adjusted for age, waist circumference, height, education, smoking, parental history of diabetes, physical activity, and dietary covariates. In women, television viewing time had a significant positive association with 2-h PG, such that the mean 2-h PG was 0.5 mmol/l higher in those watching Ͼ3 h of television per day compared with those watching Ͻ1 h. No such relationship was seen with FPG. Television viewing time was also positively associated with log fasting insulin and log HOMA-%B and inversely associated with HOMA-%S in women. In general, a significant increase in the regression coefficients compared with the reference category (Ͻ1 h/day) was observed in women who watched Ͼ3 h of television per day. Although the positive association with 2-h PG approached statistical significance in men (P ϭ 0.06), no significant associations were observed between television viewing time and glycemic variables in men. No significant sex interactions were observed for FPG, 2-h PG, or log HOMA-%B; however, the interaction approached significance for log insulin and log HOMA-%S (P ϭ 0.06 for both). No age interactions were observed for any of the glycemic measures.
CONCLUSIONS -Sedentary behavior (particularly television viewing time) has been linked to several adverse health outcomes, including obesity and type 2 diabetes (7, 8) , abnormal glucose metabolism (5), the metabolic syndrome (3, 4, 6) , high blood pressure (20) , and cardiovascular disease (12) . Our study extends these previous findings by examining the associations between hours of television watched per day and continuous glycemic variables in adults without diagnosed diabetes. We have shown in a large population-based study that television viewing was positively associated with plasma glucose, independent of physical activity and body habitus, with the 2-h PG having a stronger association with television viewing time than did FPG, in analyses adjusted for potential confounders, including waist circumference. Furthermore, in contrast to men, in whom a modest association was observed with 2-h PG, significant independent associations of television viewing with 2-h PG, insulin sensitivity, and ␤-cell function were demonstrated in women.
Associations between television viewing time and blood glucose concentrations have not been intensively investigated in cross-sectional studies. In the population-based National Heart, Blood, and Lung Institute Family Heart Study of 1,778 Caucasian adults, signifi- 
adjusted means (95% CI) for fasting plasma glucose (A) and 2-h PG (B) according to television (TV) watching categories in men (F) and women (E).
cant positive associations between television viewing time and FPG levels were observed in both men and women (12) . Similar observations were made in another cross-sectional study of middleaged French adults (3). However, unlike our study, only the univariate associations were reported in these studies. It is important to take into account potential confounders such as weight status when examining associations with glucose metabolism, since overweight not only affects insulin sensitivity, but also can lead to an adaptation of the pancreatic ␤-cell function (21, 22) . While we observed significant dose-response relationships between age-adjusted FPG levels in women, which also approached statistical significance in men, these associations were no longer evident once we adjusted for potential confounders, including waist circumference. This finding is consistent with the observations made among young adults in the Bogalusa Heart Study (23) . In contrast, the association we observed between 2-h PG and increasing television viewing time persisted in multivariable analyses in women and, to a lesser extent, in men, suggesting that physiological processes other than the effect of being overweight may be involved.
Our findings extend the literature showing that, in adults without diabetes, prolonged television viewing is associated with significant deleterious effects on glycemic measures, independent of physical activity levels and adiposity status. Independent associations with television viewing have also been reported from the Health Professionals Follow-Up Study (24) in relation to diabetes risk. This suggests that sedentary behavior, as indicated by television viewing time, is an important health behavior that is distinct from physical activity and may have a unique role in the disruption of normal metabolic function. These findings could have important implications for public health in relation to reducing the prevalence of hyperglycemia in adults, suggesting that it may not only be important to increase participation in physical activity, but also to reduce the time spent watching television (and possibly other sedentary behaviors).
In contrast to the fasted state, the major sites for the disposal of an oral glucose load are muscle, brain, and splanchnic tissues, together accounting for at least 80% of the load (25, 26) . In our study, television viewing time was more strongly associated with 2-h PG, suggesting that sedentary behavior may contribute to reduced glucose disposal in these tissues, although this will need to be confirmed by using direct measures of insulin resistance, such as a euglycemic-hyperinsulinemic clamp. Nevertheless, since skeletal muscle is an important site for the clearance of an oral glucose load from plasma, it is possible that the associations we have observed between television viewing and 2-h PG could at least be partly explained by the acute and/or cumulative absence of muscle contraction through inactivity, a defining characteristic of sedentary pursuits. This is further supported by our recent observation that 2-h PG appears to be more sensitive than FPG to the beneficial effects of leisuretime physical activity (27) . Collectively, our findings suggest that in order to reduce the prevalence of diabetes and prediabetes, it may not only be important to increase participation in physical activity, but also to reduce time spent watching television (and possibly other sedentary behaviors).
An important finding of this study is the differential relationship with television viewing according to sex. This is consistent with our earlier findings showing that the associations between television viewing and abnormal glucose metabolism (as represented by impaired fasting glucose, impaired glucose tolerance, and previously undiagnosed diabetes) and the metabolic syndrome were stronger in women once adjustment was made for confounders (5, 6) . A similar sex differential has been reported in middle-aged French adults (3) and among U.S. adults (4) with respect to the risk of having the metabolic syndrome. At this point, we can only speculate on possible mechanisms to explain the sex differential in our findings to date. Differences in biology between men and women may be implicated, since there is evidence that the physiological benefits of exercise differ between men and women (28) . Furthermore, at the other end of the activity continuum, sex differences in fuel homeostasis have been observed after 7 days of head-down bed rest, whereby insulin resistance was observed at the muscular level for men but at both the muscle and liver levels in women (29) . These sex differences, in response to what could be considered as extreme sedentary behavior (bed rest), may provide some insight into the sex differential we observed in insulin sensitivity estimated from HOMA, since this is believed to reflect both hepatic and peripheral insulin sensitivity (30) .
It is also possible, however, that the sex differences observed in the relationships between television viewing and glycemic variables reflect the different behavior patterns of men and women. Consistent with previous reports (31), we have recently shown a significant doseresponse association between physical activity of at least moderate intensity and 2-h PG (27) . In the present study, we found, as is consistently the case in other studies (20) , that men were more physically active but watched slightly more television than women. Thus, it is possible that the physical activity of men, who typically engage in more vigorous activities (32) , is protective against the effects of television viewing time on glycemic variables. While our analyses controlled for the effects of total physical activity, our measures did not differentiate intensities or patterns of activity. Although total volume of physical activity has been shown to have a greater influence on insulin sensitivity than does the intensity of activity (33) , when total volume is similar, vigorous-intensity activity provides more enduring benefits to insulin action compared with moderate-intensity activity (34) .
Alternatively, the sex differences in the association between television viewing time and glycemic variables may reflect underlying differences in television viewing time as a marker of overall sedentary behavior. Sedentary behaviors constitute a large proportion of the activities undertaken during leisure time in Australians (9) . Television viewing time is only one component of overall sedentary time, and the extent to which television viewing time is representative of total sedentary behavior is unknown. Previous research has indicated that various sedentary behaviors are not alike in their relationship to health outcomes (3, 7) . Although television viewing is typically the sedentary behavior most strongly associated with the health outcome (7), the sex differences observed between television viewing time and glycemic variables may indicate that television viewing time is a stronger marker of overall sedentary behavior in women compared with men. Further research is required to measure sedentary time in men and women across a spectrum of behaviors, including occupational sedentary behavior and automobile use.
There is a strong case for considering the underlying sedentary or inactivity physiology as a distinct research problem, since a better understanding of the biochemical, molecular, and cellular mechanisms of sedentary living could assist with the development of primary prevention strategies for many chronic diseases (1, 39) . For example, it has been recently demonstrated in animal models that the activity of lipoprotein lipase (an enzyme that binds to circulating lipoproteins when present on the vascular endothelium) in the muscle is essential for hydrolysis of triglyceride contained in lipoproteins. This is greatly reduced within several hours of sustained inactivity (40) . Loss of lipoprotein lipase activity at the vascular endothelium impairs optimal tissue-specific uptake of lipoprotein fatty acids (39) , which could in turn affect glucose homeostasis. It is well established that elevated blood free fatty acid levels play a key role in the development of insulin resistance in obesity and type 2 diabetes (41). Indeed, even in healthy humans, elevated plasma free fatty acid levels have been shown to inhibit insulinstimulated glucose oxidation within 1-2 h, followed by inhibition of glucose uptake and glycogen synthesis within 3-4 h (41). Moreover, a recent study (42) has shown that insulin sensitivity decreases in as little as 2 days of physical inactivity in rats, mediated through alterations in insulin receptor signaling. We are unable to elucidate whether the associations with glycemic measures we have observed with television viewing reflect an acute or chronic response to sedentary behavior. Future research should focus on a better understanding of the biological pathways involved and the timing of these responses, which could inform the design of intervention programs aimed at reducing sedentary behavior. The strengths of this study are its large sample size across a wide age range in both sexes and the use of continuous measures of glycemia. Its limitations include the assessment of just one aspect of sedentary living (television viewing) and the cross-sectional study design. Therefore, it is difficult to determine the extent to which participants were in higher television viewing time categories because of their health status; however, considering that those with known diabetes were excluded from the study, it is unlikely that their blood glucose level influenced their television viewing habits. Although the measurement of television viewing was obtained from a validated instrument Sedentary behavior and blood glucose levels (16) , considering the problems inherent in self-report, future research should aim to include objective measures of sedentary behavior. Additionally, as previously mentioned, television viewing is only one component of overall sedentary behavior, and the extent to which it is a marker of total sedentary time may differ for men and women. While the HOMA method has been widely used to assess ␤-cell function and insulin resistance (14) , this method is derived from a mathematical assessment of the interaction between ␤-cell function and insulin resistance using fasting glucose and insulin concentrations. As such, HOMA is less informative than direct measures of glucose disposal (hyperinsulinemic-euglycemic clamp or the intravenous glucose tolerance test), since it is dependent on both peripheral and hepatic insulin sensitivity and does not accurately describe whole-body glucose uptake in those with minimal elevations of FPG, such as those with impaired fasting glucose and impaired glucose tolerance (30) .
Ours is the first report from a population-based study to show associations with television viewing time across a range of glycemic variables. The findings reinforce the case for a strong focus in diabetes and obesity research on sedentary behaviors, such as television viewing, in addition to the now well-established base of evidence on the importance of increasing physical activity (5, 24, 27, 31) . It may also be the case that other sedentary behaviors have an additive effect on risk, in that television viewing may be a marker for a broader pattern of sedentary lifestyle that includes a variety of other forms of sitting time. Further research is required to examine such questions, addressing the structure and the determinants of sedentary behavior patterns in adult populations. With an increasingly strong body of evidence on deleterious health effects and possible underlying mechanisms, there is the need to develop more precise (ideally objective) measures of sedentary behavior and also to better understand the modifiable determinants of sedentary behavior (2) . Such studies would inform the interventions needed to reduce sedentary behavior, particularly among those who are at increased risk of type 2 diabetes.
